Diffusion-weighted magnetic resonance (MR) images from rats during acute cerebral ischemia induced by middle cerebral artery occlusion were analyzed for correspondence with changes in brain water, cation con centrations , and Na + ,K + -ATPase activity measured in vitro after 30 or 60 min of ischemia. In the ischemic hemi sphere, signal intensity was increased at 30 min (p < 0.05 vs contralateral hemisphere) and further increased at 60 min. Na + ,K + -ATPase activity was 34% lower in isch emic cortex and 40% lower in ischemic basal ganglia after 30 min (p < 0.05), but water content and Na + and K + concentrations were not significantly different between
Diffusion-weighted magnetic resonance (MR) im aging can detect less severe and potentially revers ible cerebral ischemia much earlier than conven tional T2-weighted MR imaging (Moseley et aI., 1990; Mintorovitch et aI., 1991; Minematsu et aI., 1992; van Bruggen et aI., 1992) . Within minutes af ter middle cerebral artery (MCA) occlusion or em bolization'in rats (DeCrespigny et aI., 1993) , the signal intensity increases and the apparent diffusion coefficient (ADC) decreases by approximately 20%, remains at this level for 18-24 h (Moseley et aI., 1990) , and normalizes by 48 h (Knight et aI., 1991) .
hemispheres. After 60 min , water content and Na + con centration were increased , and both Na + ,K + -ATPase activity and K + concentration were decreased in the ischemic hemisphere (p < 0.05). These findings are con sistent with the hypothesis that the early onset of signal hyperintensity in diffusion-weighted MR images may re flect cellular edema associated with impaired membrane pump function. Early in vivo detection and localization of potentially reversible ischemic cerebral edema may have important research and clinical applications. Key Words: Brain edema-Cerebral ischemia-Diffusion-weighted magnetic resonance imaging-Na + ,K + -ATPase activity.
During global ischemia after temporary bilateral ca rotid occlusion in gerbils (Busza et aI., 1991) , the diffusion-weighted image intensity increased when the blood flow decreased to <15 ml/l00 g tissue/ min, a well-established threshold for failure of neu rological function (Morawetz et aI., 1978) and onset of edema (Bell et aI., 1985) . Ischemic changes, in cluding hypothermia (Busto et aI., 1987) , increased tissue osmolality (Bandaranayabe et aI., 1987; Hatashita and Hoff, 1988) , attenuated brain pulsa tile motion (Le Bihan et aI., 1986) , and edema (Go toh et aI., 1985; Young et aI., 1987) , could theoret ically explain this decrease, but the exact mecha nism has not yet been defined.
In our previous study, a reversible increase in diffusion-weighted signal intensity, which could re flect the development and resolution of ischemic edema, was observed during 30 min of temporary MCA occlusion in rats (Mintorovitch et aI., 1991) . In this study, we used the same model to determine whether the diffusion-weighted image hyperinten-sity during focal cerebral ischemia reflects cellular edema.
METHODS

Surgical preparation
Twelve male Sprague-Dawley rats (260-320 g) were anesthetized with 2.5% isoflurane , and an endotracheal tube was inserted. Anesthesia was maintained by venti lation with 1.0-1.5% isoflurane and a mixture of 70% N20 and 30% 02' The femoral artery and vein were cannu lated. Blood pressure and arterial P02 and Pc02 were maintained at physiological levels. Body temperature was maintained at 37°C with a heating pad. Pancuronium bro mide (0.5 mUkg i.v.) was given to prevent motion during imaging. The left MCA was occluded by the endovascular suture method of Zea Longa et al. (1989) as described by Karibe et a1. (1993) .
MR imaging methods
A GE CSI 2-T unit (General Electric , Fremont, CA , U.S.A.) with GE Acustar self-shielded gradient coils (Ro emer et aI. , 1986; Turner and Bowley , 1986 ) was used with a low-pass birdcage proton imaging coil (Stilbs and Moseley , 1978) . Baseline diffusion-weighted and T2weighted multi slice images were collected. The rat was then removed from the magnet, subjected to MCA occlu sion, and immediately returned to the magnet. A diffu sion-weighted spin-echo multislice imaging sequence [repetition time (TR) , 1,500; echo time (TE) , 80; slices , 3 mm; field of view, 60 mm] was initiated within 15 min after occlusion. Using a diffusion gradient pulse (sine bell-shaped) duration (&) of 20 ms , a diffusion gradient separation (.:1) of 40 ms, and a diffusion gradient of 5.5 G/cm resulted in a gradient b value of 1427 s/mm 2 (Le Bihan et aI., 1986 Bihan et aI., , 1991 . Four scans were averaged for each of 128 phase-encoding steps, resulting in a total ac quisition time of 12 min. T2-weighted images (TR , 2,800; TE, 120; slices, 3 mm; field of view, 60 mm) were also obtained in which two scans were averaged. Six rats (Group 1) underwent 30 min of ischemia; only one set of diffusion-weighted images could be acquired in this group. Six rats (Group 2) underwent 60 min of isch emia, during which it was also possible to acquire a T2weighted sequence. Immediately after imaging , the rats were decapitated and the brains were rapidly removed for biochemical analysis.
Image analysis consisted of two regional measurements of signal intensity from the MCA distribution in the basal ganglia and frontoparietal cortex. The signal intensity ra tio was calculated by dividing the value in an ischemic region by that in the corresponding region in the nonisch emic hemisphere.
Measurement of total brain water and Na+/K+ content The brains were cooled for 15 min at -20°C and cut into coronal slices 2 mm thick. Sections from the two hemispheres were separated. One pair of sections at the same level from which images were obtained was frozen in liquid nitrogen and stored at -70°C for assay of Na + ,K + -ATPase activity. Water content and sodium and potassium concentrations were measured in the next posterior pair of sections (Chan et aI., 1983a) . Cortex and basal ganglia specimens from the MCA territory were an alyzed separately. The water content (%) was measured and calculated as described by Chan et al. (1983a) .
To measure the Na + and K + content, tissue from basal ganglia and cortex was combined , dehydrated, and di gested in 4 ml of 2 M nitric acid for 1 week. N a + and K + contents were measured by atomic absorption spectros copy (Chan et aI. , 1983a) .
Determination of Na +,K + -ATPase activity Na + ,K + -ATPase activity was assayed as described previously (Chan et al. , 1983b) . The protein content of each homogenate was determined by the method of Lowry et a1. (1951) .
RESULTS
MR imaging findings
A set of four diffusion-weighted images from a Group 1 rat (30-min ischemia) is shown in Fig. 1 . These images show a hyperintense area in the left MCA distribution. Diffusion-weighted MR images at one coronal level from a rat in Group 2 (60-min ischemia) show a similar hyperintense area (Fig. 2) .
In both groups, the diffusion-weighted signal in tensity in both cortex and basal ganglia was signif icantly gteater in the ischemic than in the contralat eral hemisphere in images initiated 15 min after the onset of occlusion. The signal intensity ratio in the cortex, but not in basal ganglia, was higher in the 60-min group than in the 30-min group ' (Table 1) .
The T2-weighted image initiated 45 min after the onset of ischemia in Group 2 ( Fig. 2D ) showed no signal increase in the ischemic hemisphere.
Cerebral water content and NA + ,K+ -ATPase activity In vitro studies (Table 2) showed no significant increase in the total brain water content and no change in N a + and K + concentrations after 30 min of ischemia even though Na + ,K + -ATPase activity decreased significantly in the ischemic cortex and basal ganglia. After 60 min of ischemia, the brain water content increased by 2.6 and 3.2% [p < 0.05; analysis of variance (ANOYA), Scheffe's f test] in the ischemic cortex and basal ganglia, respectively; the Na + concentration increased significantly, while the K + concentration decreased. A further decrease in Na + ,K + -ATPase activity occurred at 60 min (p < 0.05; ANOYA, Scheffe'sftest) in basal ganglia but not cortex. Linear regression analysis showed no correlation between the signal intensity ratio and edema or ATPase activity.
DISCUSSION
The major finding of this study was a trend to ward a reduction in Na+ ,K+ -ATPase activity (34-40%) in the ischemic hemisphere after 30 min of ischemia, when the diffusion-weighted MR image was positive but no change in water content or cat ion concentrations had occurred. At 60 min, en zyme activity was significantly reduced, and brain water and Na + contents were significantly in creased, indicating more severe cellular edema (Young et aI., 1987) . These in vitro observations are consistent with our previous findings with this model (Yang et aI., 1992) . In that study, Na +,K+ ATPase activity was reduced slightly less after 60 min than after 30 min of MCA occlusion in compar ison to the nonischemic hemispheres, even though further decreases were observed at 2 and 4 h. Nei ther water content nor cation concentrations changed at 30 min, but these values later decreased progressively from 1 to 4 h after the onset of MCA occlusion. The partial temporary recovery of ATPase activity may have been due to a transient improvement in collateral circulation or excitotoxic cell activity during ischemia (MacMillan, 1982; Strong et aI., 1983) .
Although the signal intensity ratio did not corre late significantly over time with the hemispheric Na +,K + -ATPase activity ratios, it was higher in the cortex and ATPase activity was significantly lower in the basal ganglia after 60 min than after 30 min of ischemia. This observation suggests that the progression of ischemic cellular edema that did oc cur in this model was nonlinear and insufficiently homogeneous to be detected by diffusion-weighted MR imaging.
Diffusion images primarily reflect differences in the translational motion of intracellular water mol ecules, because signal from cerebrospinal fluid pul sation and pulsatile blood flow is eliminated with a strong magnetic field gradient. The most likely ex planation for the reduction in the ADC during the initial stages of acute cerebral ischemia is passive migration of extracellular water into the intracellu lar compartment as a result of reduced Na + ,K + -ATPase activity and the ensuing loss of cellular fluid-electrolyte homeostasis in the ischemic re gion. However, there is no direct evidence that the average translational displacement (defined as a shift in location, as opposed to rotational movement in situ) of water protons in the intracellular com partment of the brain is more restricted than in the extracellular space. Diffusion of intracellular water could be limited by homogeneously distributed in tracellular molecules, such as proteins, or by iso tropic barriers, such as cell membranes (Tanner, 1978) . Ischemia might also result in more frequent collisions between water protons and intracellular organelles, such as mitochondria and endoplasmic reticulum, because of disrupted cellular architec- The T2-weighted image (TRITE, 2,800/120 ms) initiated after 45 min of ischemia shows no abnormal signal in the ischemic hemisphere.
ture within Ischemic cells. Furthermore, an in crease in cell membrane permeability due to isch emia may also reduce water diffusion.
The role of cellular edema due to membrane pump inhibition in decreasing the MR-detectable diffusion of brain water is further supported by the observation that the administration by microdialy sis of ouabain, which specifically inhibits Na + ,K + -ATPase activity, led to a reduction in the ADC in rat cortex as measured by MR microscopy (Ben veniste et aI., 1992) . The changes observed were comparable to those observed after focal ischemia. In that study, the administration of N-methyl-o aspartate by microdialysis, which induces acute neuronal swelling, also reduced the ADC in brain. 
